Activation of Jak tyrosine kinases through hematopoietic cytokine receptors occurs as a consequence of ligand-induced aggregation of receptor-associated Jaks and their subsequent autophosphorylation. Jak kinases consist of a C-terminal tyrosine kinase domain, a pseudokinase domain of unknown function, and Jak homology (JH) domains 3 to 7, implicated in receptor-Jak interaction. We analyzed the functional roles of the different protein domains in activation of Jak2. Deletion analysis of Jak2 showed that the pseudokinase domain but not JH domains 3 to 7 negatively regulated the catalytic activity of Jak2 as well as Jak2-mediated activation of Stat5. Phosphorylation of Stat5 by wild-type Jak2 was dependent on the SH2 domain of Stat5; however, this requirement was lost upon deletion of the pseudokinase domain of Jak2. Investigation of the mechanisms of the pseudokinase domain-mediated inhibition of Jak2 suggested that this regulation did not involve protein tyrosine phosphatases. Instead, analysis of interactions between the tyrosine kinase domain and Jak2 suggested that the pseudokinase domain interacted with the kinase domain. Furthermore, coexpression of the pseudokinase domain inhibited the activity of the single tyrosine kinase domain. Finally, deletion of the pseudokinase domain of Jak2 deregulated signal transduction through the gamma interferon receptor by significantly increasing ligand-independent activation of Stat transcription factors. These results indicate that the pseudokinase domain negatively regulates the activity of Jak2, probably through an interaction with the kinase domain, and this regulation is required to keep Jak2 inactive in the absence of ligand stimulation. Furthermore, the pseudokinase domain may have a role in regulation of Jak2-substrate interactions.
Cytokines regulate the proliferation and differentiation of cells by binding to hematopoietic cytokine receptors and initiating signaling cascades leading to altered gene expression. The cytokine receptors lack intrinsic catalytic activity and rely on receptor-associated cytoplasmic Jak tyrosine kinases for signal transduction (14) . Activation of Jak kinases leads to phosphorylation of tyrosine residues in cytokine receptors. This creates docking sites for cytoplasmic signaling molecules, such as the signal transducers and activators of transcription (Stats) that are recruited to the receptor and activated by tyrosine phosphorylation (6) . The four different mammalian Jak kinases (Jak1, Jak2, Jak3, and Tyk2) mediate essential and nonredundant functions in cytokine signaling. Mice lacking the Jak2 gene have revealed a critical role for Jak2 in signaling through several receptors, such as the erythropoietin and gamma interferon (IFN-␥) receptors (23, 24) .
The Jak kinases are characterized by the presence of seven regions of sequence similarity found among Jak family members and designated Jak homology (JH) domains (41) . With the exception of a catalytically active tyrosine kinase domain, JH1, it is not known which of the JH regions form structurally and functionally independent domains. JH2, adjacent to JH1, has sequence similarity to kinase domains but lacks several critical residues, such as the third glycine in the GXGXXG motif in kinase subdomain I and the nearly invariant aspartic acid directly involved in the phosphotransfer reaction in subdomain VI. JH2 is therefore termed the pseudokinase domain and is considered catalytically inactive (33) . The N-terminal half of Jaks, encompassing JH domains 3 to 7, has limited sequence similarity to any known protein domains. An SH2-like domain and a 4.1 domain have been predicted around JH domains 3 to 4 and 4 to 7, respectively, but the functionality of these putative domains has not been confirmed (9, 12, 17) . The region responsible for association with cytokine receptors has been mapped to JH domains 3 to 7 of Jak kinases, which would be consistent with the role of 4.1 domains in mediating interactions with transmembrane proteins (4, 39) .
In most cases Jak kinases are found constitutively associated with cytokine receptors. Activation of Jaks has been considered to result from ligand-induced dimerization or oligomerization of the receptor chains, bringing the receptor-associated Jaks in close proximity and leading to their auto-and transphosphorylation. Apparently Jak kinases do not need other tyrosine kinases for their activation, and induced dimerization of two Jak molecules has been found to be sufficient for activation of Jaks (21) . In single-chain receptors, such as the erythropoietin receptor, Jak activation relies on interaction between two similar Jak kinases, and notably, all single-chain receptors utilize Jak2 (34) . In receptors composed of multiple chains, initiation of signal transduction is more complex and requires an activation cascade of different Jak kinases (22) .
Phosphorylation of Jak kinases is functionally important, since mutation of the activation loop (A-loop) tyrosines in the kinase domain affects activation of Jaks. Although the tyrosine kinase domains of Jaks are highly conserved and all contain the YY motif in the A-loop, the functional role of these tyrosines varies between different Jaks. Phosphorylation of the first tyrosine in the YY motif is critical for activation of Jak1 and Jak2, and it also enhances the activity of Jak3 (8, 19, 40) . However, mutation of the second tyrosine in the YY motif greatly increases the kinase activity of Jak3, while similar mutations in Jak1 or Jak2 have no effect (8, 19, 40) .
The A-loop tyrosines are potential targets for regulation of Jak activity through dephosphorylation. At least two protein tyrosine phosphatases (PTPases) have been implicated in Jak signaling. SHP-2 has been found to regulate Jak signaling both positively and negatively, whereas SHP-1, which is predominantly expressed in hematopoietic cells, has an important role in downregulation of cytokine receptor signaling (16, 37, 38) . The tyrosine-phosphorylated Jaks can also be inhibited by interaction with the SOCS proteins. SOCS-1 and SOCS-3 bind to a phosphorylated tyrosine in the A-loop and to the catalytic center in the kinase domain of Jak2, thus interfering with substrate binding and inhibiting kinase activity (36) .
In many cytoplasmic tyrosine kinases, intramolecular interactions form yet another level of regulation of catalytic activity by preventing aberrant autophosphorylation and subsequent activation of the kinases in the absence of a specific activation signal. The Src kinases c-Src and Hck are kept inactive by binding of the Src homology region 2 (SH2) and SH3 domains to target residues in the C-terminal tail and in the linker between the SH2 and kinase domains, respectively (29, 35) . In a Tec family tyrosine kinase, Itk, inhibitory interactions are at least partially mediated by the SH3 domain (1) . Mutations abrogating the intramolecular regulation may lead to hyperactivation of the kinase, a phenomenon well characterized for v-Src, the oncogenic form of c-Src. Inappropriately regulated forms of Jak kinases have also been identified and shown to have severe biological consequences. A point mutation in the JH2 domain of the Drosophila Jak homolog (Hop) has been found to induce hematopoietic neoplasia in the fly, but the exact mechanism of hyperactivation of the Hop mutant is still unknown (20) . In addition, constitutive dimerization of a TELJak2 fusion protein has been found to activate Jak2 and to cause lymphoblastic leukemia (18) .
This study was carried out to characterize the mechanisms regulating the activity of the Jak2 tyrosine kinase. Intramolecular interactions play a critical role in the regulation of several cytoplasmic tyrosine kinases, but thus far such intramolecular regulation has not been reported for Jak kinases. We analyzed the roles of the different JH protein domains in activation of Jak2. Our results show that the pseudokinase domain, but not other JH domains, negatively regulated the tyrosine kinase domain of Jak2. Furthermore, deregulation of Jak2 by deletion of JH2 resulted in ligand-independent Stat activation through the IFN-␥ receptor. Analysis of the interactions between different Jak2 domains suggested that regulation of Jak2 by the pseudokinase domain is mediated through intramolecular interactions between the tyrosine kinase and pseudokinase domains.
MATERIALS AND METHODS
Reagents, cell culture, and transfections. 293T (American Type Culture Collection) and ␥2A (Jak2-deficient fibrosarcoma cell line [32] ) cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Gibco-BRL) and antibiotics. 293T cells were transfected with the calcium-phosphate transfection kit (Gibco) and ␥2A cells using the Fugene 6 transfection reagent (Boehringer Mannheim) according to the manufacturer's instructions. Specific cDNAs (0.5 to 5 g, depending on the experiment) were used to transfect 10-cm dishes of 60% confluent 293T cells, whereas 100 ng of specific cDNA was used for transfection of a six-well plate well of ␥2A cells. The amount of each cDNA transfected was adjusted within a single experiment to obtain similar expression levels of the different cDNA constructs. The cells were harvested 72 h after transfection for immunoprecipitation and after 20 h for luciferase assays. Pervanadate was prepared by mixing equal volumes of Na 3 VO 4 (50 mM) and H 2 O 2 (250 mM). The following antibodies were used: antiphosphotyrosine 4G10 (Upstate Biotechnology), antihemagglutinin (anti-HA) 16B12 (Berkeley Antibody Company), anti-Stat5 ST5a-2H2 (Zymed) and polyclonal anti-Jak2, a kind gift from James Ihle (30) .
DNA constructs. The expression vector for Jak2-HA has been described (26) . The amino acids encoded by the Jak2 constructs are shown in Fig. 1 . ⌬AflII-HA is an internal AflII deletion mutant of Jak2-HA. Other Jak2 constructs were prepared by PCR and cloned into the pCIneo expression vector (Promega). New translational initiation codons were introduced by PCR into Jak2-HA to create JH1-6-HA and JH1-HA. ⌬JH2-HA was constructed by replacing a fragment of Jak2-HA with a ligation product of PCR fragments coding for amino acids 259 to 548 and 809 to 1129 of Jak2 with additional SacI sites at the 3Ј and 5Ј ends, respectively. ⌬JH1 is a SanDI-EcoNI deletion mutant of untagged Jak2 cDNA (wt-Jak2) (30) created by filling in with the Klenow fragment. Jak2-KN is identical to wt-Jak2 except for the K882E substitution. All PCR products were confirmed by sequencing (Applied Biosystems). Expression vectors for Stat5A and the R618L mutant of Stat5A were kind gifts from Tim Wood. The luciferase reporter construct containing the Stat1 binding site from the promoter of the IFN regulatory factor 1 gene was a kind gift from Richard Pine (25) .
Immunoblotting and immunoprecipitation. Immunoblotting and immunoprecipitation in Triton buffer (50 mM Tris [pH 7.5], 10% glycerol, 150 mM NaCl, 1 FIG. 1. Protein products encoded by Jak2 cDNA constructs. Schematic presentation of the proteins encoded by Jak2 deletion constructs. Amino acids encoded by the constructs are indicated; numbers refer to the murine Jak2 sequence. An HA tag, when present, is located in the C terminus and indicated by the suffix HA in the text. The full-length HA-tagged Jak2 is termed Jak2-HA, and the untagged form of Jak2 is termed wt-Jak2. mM EDTA, 1% Triton X-100, 50 mM NaF, 1 mM Na 3 VO 4 ) have been described (26) , except that lysates were precleared using normal mouse sera, followed by incubation with protein G-Sepharose. For coimmunoprecipitation, cells were lysed in Brij 58 buffer (10 mM Tris-HCl [pH 7.5], 0.9% Brij 58, 0.1% NP-40, 150 mM NaCl, 50 mM NaF, 1 mM Na 3 VO 4 ) supplemented with protease inhibitors (phenylmethylsulfonyl fluoride, approtinin, leupeptin, and pepstatin A). Before immunoprecipitation, bovine serum albumin was added to the precleared lysates (final concentration, 1%). Immunoprecipitates were washed once with Brij 58 buffer, twice with Triton buffer, once with high-salt buffer (Brij 58 buffer with 350 mM NaCl), and twice with NP-40 buffer (50 mM Tris-HCl [pH 7.5], 10% glycerol, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 ). Equal amounts of protein from cell lysates were always used for immunoprecipitations and Western blotting of cell lysates. Protein concentrations were determined using the Bio-Rad protein assay system (Bio-Rad Laboratories). Immunodetection was performed with specific primary antibodies, biotinylated anti-mouse immunoglobulin (Ig) or anti-rabbit Ig secondary antibodies (Dako A/S), and streptavidin-biotin-horseradish peroxidase conjugate (Pharmacia-Amersham) followed by enhanced chemiluminescence.
Kinase and luciferase assays. For the kinase assay, cells were lysed in kinase lysis buffer (10 mM Tris-HCl [pH 7.5], 1% Triton X-100, 20% glycerol, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 1 mM Na 3 VO 4 ) supplemented with protease inhibitors. Immunoprecipitates were washed four times with kinase lysis buffer and twice with kinase assay buffer (10 mM HEPES [pH 7.4], 50 mM NaCl, 5 mM MgCl 2 , 5 mM MnCl 2 , 50 mM NaF, 0.1 mM Na 3 VO 4 ). The immunoprecipitates were suspended in kinase assay buffer containing 1 mM dithiothreitol and Stat1 (GPKGTGYIKTELISVS) or Stat5 (AKAADGYVKPQIKQVV) peptides (1 mg/ml), and 10 Ci of [␥-
32 P]ATP was added. The reaction mixtures were incubated at room temperature for 5 to 10 min, boiled in reducing Laemmli sample buffer, and separated by sodium dodecyl sulfate-20% polyacrylamide gel electrophoresis (SDS-20% PAGE) followed by autoradiography or quantitation of radioactivity with a PhosphorImager (Fuji).
For the luciferase assay, cells were transfected with a Stat-dependent luciferase reporter construct together with a pRLTK control vector constitutively expressing Renilla luciferase (Promega). Cells were lysed in passive lysis buffer (Promega), and the luciferase activity of the lysates was determined using the dual luciferase reporter assay system (Promega) according to the manufacturer's instructions. Stat-dependent luciferase activity was normalized to the activity of the constitutively expressed Renilla luciferase.
Binding of histidine-tagged proteins. Cells were lysed in kinase lysis buffer without EDTA. After clearing by centrifugation, equal amounts of protein from the lysates were diluted 10-fold with urea binding buffer (8 M urea, 50 mM NaH 2 PO 4 , 10 mM Tris [pH 8], 150 mM NaCl) and incubated with Talon metal affinity resin (Clontech) for 30 min at room temperature. The resin was washed four times with urea washing buffer (8 M urea, 50 mM NaH 2 PO 4 [pH 7], 150 mM NaCl) before elution with 100 mM EDTA and boiling in reducing Laemmli sample buffer.
RESULTS
Effect of JH domains on catalytic activity of Jak2. To analyze the roles of the different protein domains in the regulation of Jak2 activity, we constructed a series of Jak2 expression plasmids (Fig. 1) . The JH1 and JH2 domain boundaries were predicted by using the Smart program (28) . ⌬JH1 lacks the kinase domain, and ⌬JH2 lacks the pseudokinase domain. ⌬AflII lacks JH domains 4 and 5 and small fragments of domains 3 and 6. JH1-2 contains only the pseudokinase and tyrosine kinase domains, and JH1-6 lacks domain 7 and a short sequence of domain 6. JH1 encodes a single tyrosine kinase domain.
The Jak2-HA expression plasmid and the HA-tagged Jak2 deletion constructs were transiently expressed in mammalian 293T cells, in which expression of Jak2 leads to autoactivation of the kinase. The different Jak2 proteins were immunoprecipitated with anti-HA antibody and subjected to an in vitro kinase assay ( Fig. 2A) . Aliquots of the same immunoprecipitates were also subjected to antiphosphotyrosine and anti-HA immunoblots (Fig. 2B ). As shown in Fig. 2A , deletion of the JH2 domain increased the kinase activity of Jak2 nearly 10-fold, while other deletions had no or only moderate effects. The E665K point mutation in JH2, similar to that found to cause hematopoietic neoplasia in Drosophila (20) , increased the kinase activity of Jak2 by 50%. The levels of tyrosine phosphorylation (Fig. 2B ) correlated with the kinase activities of the Jak2 proteins, ⌬JH2-HA having the highest level of tyrosine phosphorylation. JH1-6-HA showed slightly increased tyrosine phosphorylation without an increase in kinase activity. The anti-HA immunoblot confirmed similar expression of all Jak2 proteins. To directly assess the effect of JH2 on the activity of JH1, we prepared a construct containing only domains JH1 and JH2. The analysis of this construct in an in vitro kinase assay showed that the catalytic activity of the JH1-2-HA protein was equal to that of Jak2-HA (Fig. 2C) . When JH2 was deleted from the JH1-2-HA construct, the catalytic activity increased more than 50-fold (JH1-HA). Tyrosine phosphorylation of the expressed proteins (Fig. 2D ) correlated with the results from the kinase assays shown in Fig. 2C , although the differences in tyrosine phosphorylation were less profound, suggesting the presence of phosphorylation sites outside JH1. Similar results were obtained when the in vitro kinase assays presented in Fig. 2 were repeated two to four times.
Effect of JH domains on Jak2-induced activation of Stat5. To analyze whether deletion of JH2 also resulted in enhanced Jak2 signaling, we analyzed the ability of the different Jak2 mutants to activate Stat5. For this purpose, Stat5 and the HA-tagged Jak2 plasmids were coexpressed in 293T cells, and Stat5 was immunoprecipitated and subjected to antiphosphotyrosine immunoblotting. JH1-2-HA-induced tyrosine phosphorylation of Stat5 comparable to that with Jak2, while ⌬JH2-HA-and JH1-HA-induced phosphorylation of Stat5 was greater than that induced by Jak2-HA (Fig. 3) . The E665K mutant of Jak2-HA also phosphorylated Stat5 better than did Jak2-HA, but not as well as ⌬JH2-HA or JH1-HA. Similar results were obtained when activation of Stat5-mediated transcription was analyzed in 293T cells coexpressing different Jak2 mutants and the Stat5-dependent luciferase reporter (not shown). Taken together, the results ( Fig. 2 and 3 ) indicate that JH2, but not other JH domains, negatively regulates the activity of Jak2.
The SH2 domains of Stats have been found to be critical for their activation by Jak kinases (10) . To test whether ⌬JH2 had the same structural requirement for activation of its substrate proteins, we coexpressed Stat5 and its SH2 mutant carrying an R618L substitution (mStat5) with Jak2-HA, ⌬JH2-HA, or JH1-HA. Stat5 was immunoprecipitated from cell lysates and analyzed by antiphosphotyrosine immunoblotting. As shown in Fig. 4 , Jak2-HA induced tyrosine phosphorylation of Stat5, but phosphorylation of the mutant Stat5 could not be detected even in longer exposures. In contrast, ⌬JH2-HA and JH1-HA readily activated both Stat5 and its SH2 mutant, as detected by induction of tyrosine phosphorylation. The JH1-2-HA construct was unable to induce tyrosine phosphorylation of the mutant Stat5, indicating that deletion of JH domains 3 to 7 of Jak2 did not change the requirement for the SH2 domain for activation of Stat5 (not shown). The high catalytic activity of ⌬JH2 might explain phosphorylation of the SH2 mutant Stat5 by ⌬JH2. Therefore, we used increasing amounts of JH1-2-HA cDNA in cotransfections with the SH2 mutant of Stat5. However, although JH1-2-HA showed higher tyrosine phosphorylation than ⌬JH2-HA, it was not able to phosphorylate the SH2 mutant Stat5 (not shown). Phosphorylation of tyrosine 694 in Stat5 is required for dimerization and activation of Stat5. To test whether ⌬JH2 specifically phosphorylated this residue in Stat5, we coexpressed ⌬JH2-HA with Y694F-Stat5 in 293T cells. ⌬JH2HA, as well as Jak2-HA, was unable to phosphorylate the Y694F mutant of Stat5, indicating that despite its high activity, ⌬JH2 retained its specificity by inducing phosphorylation of only the critical tyrosine 694 in Stat5 (not shown). Taken together, these results suggest that the pseudokinase domain affects interactions of Jak2 with target proteins.
Effect of JH domains on activity of the Jak2 tyrosine kinase domain.
We next wanted to analyze the mechanism of JH2-mediated inhibition of Jak2. Consistent with previous reports, ⌬JH1-HA had no kinase activity when expressed in 293T cells, indicating that JH2 does not possess catalytic activity (7, 8, 33) . Therefore, inhibition of Jak2 by JH2 was considered to depend on other than phosphotransfer-dependent mechanisms. JH2 could bind to and recruit a PTPase, which would dephosphorylate and thus inactivate JH1. Alternatively, inhibition by JH2 could be based on a molecular interaction with JH1, keeping JH1 in a conformation that would not allow substrates to bind and/or be phosphorylated. Analogous intramolecular regulation has been found in members of the Src and Tec/Btk tyrosine kinase families (1, 29, 35) .
To test the hypothesis that JH2 bound a PTPase required to inhibit Jak2, we expressed different HA-tagged Jak2 constructs in 293T cells. Before lysis, the cells were treated with the cell membrane-permeating PTPase inhibitor pervanadate. The lysates were immunoprecipitated with anti-HA antibody, and aliquots were subjected to antiphosphotyrosine immunoblotting. As shown in Fig. 5 , inhibition of PTPases with pervanadate similarly enhanced tyrosine phosphorylation of Jak2-HA, ⌬JH2-HA, and JH1-HA. Therefore, we concluded that the increased kinase activity of ⌬JH2 was not due to defective dephosphorylation of Jak2.
We next tested whether inhibition of Jak2 activity might be caused by an interaction of the JH2 domain with JH1. We created several JH2 constructs with different N and C termini but failed to express JH2 alone in 293T cells at levels comparable to the other Jak2 constructs. Therefore, we first addressed the question of whether JH1-HA was able to interact with Jak2 lacking JH1 (⌬JH1 construct), which would mimic intramolecular interactions of JH1-HA with domains 2 to 7 in Jak2. We transiently expressed JH1-HA together with wt-Jak2 or ⌬JH1 in 293T cells. JH1-HA was immunoprecipitated from cell lysates, and the immunoprecipitates were analyzed by immunoblotting with anti-Jak2 and anti-HA antibodies. As shown in Fig. 6A , both wt-Jak2 and ⌬JH1 coimmunoprecipitated with JH1-HA, but the interaction of JH1-HA with ⌬JH1 was weaker than with wt-Jak2. The interactions were stable in stringent washing conditions (1% Triton X-100, 1% NP-40, and 350 mM NaCl). As a control, we expressed wt-Jak2 or ⌬JH1 without JH1-HA. Anti-HA immunoprecipitates of these lysates did not show precipitation of wt-Jak2 or ⌬JH1, indicating that coimmunoprecipitation was specific (not shown). In another experiment in which the amount of coexpressed JH1-HA was increased, coimmunoprecipitation of ⌬JH1 with JH1-HA was more evident (not shown). These results indicated that the tyrosine kinase domain could interact with Jak2 in two different ways. First, JH1-HA interacted with another kinase domain, since deletion of the Jak2 kinase domain reduced the ability of the coexpressed JH1-HA to interact with Jak2. This type of interaction is supposed to be important during activation of Jak2. Second, JH1 interacted with JH domains 2 to 7. To further specify the interaction of JH1 with Jak2, we analyzed the association of JH1 with JH1-2 (JH domains 3 to 7 deleted) by coimmunoprecipitation. We found that deletion of domains 3 to 7 did not affect the interaction of JH1 with Jak2, suggesting that JH1 does not interact with domains 3 to 7 in Jak2 (not shown).
We (unpublished results) and others (3, 8) have found that a kinase-inactive form of Jak2 is able to inhibit activation of Jak2 when coexpressed, most probably by competing in dimerization with wild-type Jak2, which is required for trans-or autophosphorylation and subsequent activation. Similarly, we reasoned that if JH1 was inhibited by an interaction with JH2 in Jak2, coexpression of JH2 might result in inhibition of JH1. To analyze whether JH2 could inhibit activation of JH1 in trans, we first coexpressed JH1-HA with an excess of ⌬JH1 (domains 2 to 7). A kinase-inactive (K882E) mutant of Jak2 (Jak2-KN) was used as a control. JH1-HA was immunoprecipitated and analyzed by antiphosphotyrosine immunoblotting (Fig. 6B ) and in an in vitro kinase assay (Fig. 6C) . As shown in Fig. 6B and C, coexpression of either Jak2-KN or ⌬JH1 with JH1-HA resulted in reduction of tyrosine phosphorylation and kinase activity of JH1-HA.
To exclude the participation of domains 3 to 7 (included in the ⌬JH1 construct) in inhibition of JH1, we coexpressed the JH3-7-HA construct with JH1 tagged with HA and with six histidine residues (JH1-HA-His) (Fig. 6D) and analyzed activation of the latter. As controls, we coexpressed HA-tagged JH1-KN (JH1 carrying the K882E mutation) and Nck, a cytoplasmic adapter protein, with JH1-HA-His. JH1-HA-His was isolated from the cell lysates with metal affinity resin followed by antiphosphotyrosine immunoblotting. As shown in Fig. 6D , tyrosine phosphorylation of JH1-HA-His was reduced by coexpression of JH1-KN-HA but not by coexpression of the JH3-7-HA or Nck-HA proteins. The expression levels of the proteins were controlled using anti-HA immunoblotting of cell lysates (not shown). Since JH1 was inhibited by the simultaneous expression of ⌬JH1 including domains 2 to 7 but not by coexpression of domains 3 to 7, we concluded that JH2 was required for inhibition of JH1. Taken together, the results shown in Fig. 6 indicated that the JH2 domain inhibited the FIG. 6 . Effect of JH domains on activity of the Jak2 tyrosine kinase domain. (A) 293T cells were transfected with expression plasmids for JH1-HA and untagged wt-Jak2 or ⌬JH1 or left untransfected (-). The cells were lysed in Brij 58 buffer, and the lysates were immunoprecipitated (IP) with anti-HA antibody. The immunoprecipitates were separated by SDS-4 to 15% PAGE and immunoblotted with anti-Jak2 or anti-HA antibodies. Aliquots of the cell lysates were analyzed by SDS-7.5% PAGE followed by anti-Jak2 immunoblotting. (B) 293T cells were transfected with JH1-HA expression plasmid alone (lane -) or together with expression plasmids for untagged ⌬JH1 or Jak2-KN. JH1-HA was immunoprecipitated (IP) with anti-HA antibody, analyzed by SDS-4 to 15% PAGE, and blotted with antiphosphotyrosine (anti-PY) or anti-HA antibodies. Aliquots of the cell lysates were analyzed by SDS-4 to 15% PAGE followed by anti-Jak2 immunoblotting. }, Ig chains. (C) Aliquots of immunoprecipitates from panel 6B were subjected to in vitro kinase assays with Stat5-derived peptide and [␥-32 P]ATP as substrates. The peptides were separated by SDS-20% PAGE followed by autoradiography. (D) 293T cells were transfected with an expression vector for HA-and histidine-tagged JH1 (JH1-HA-His) alone or together with expression plasmids for JH3-7-HA, JH1-KN-HA (K882E in JH1), or Nck-HA. JH1-HA-His was isolated by metal affinity, analyzed by SDS-4 to 15% PAGE, and blotted with antiphosphotyrosine (anti-PY) or anti-HA antibodies. The mobilities of the molecular mass markers (in kilodaltons) are shown on the left in all panels. The arrows on the right indicate the mobilities of the Jak2 proteins. activity of the Jak2 tyrosine kinase domain in trans, suggesting that the JH2 domain interacts with the tyrosine kinase domain.
Effect of JH2 on Jak2-mediated signaling through cytokine receptors. We next examined the functional role of JH2 in cytokine receptor signaling. We set up a cotransfection system in a previously characterized Jak2-deficient cell line, ␥2A (32), in which activation of Jak2 was dependent on stimulation with IFN-␥ (Fig. 7) . The cells were transfected with different HAtagged Jak2 constructs, pRLTK control vector, and a Stat1-dependent luciferase reporter. Stimulation with IFN-␥ had no effect on Stat1 activation, since signaling through the IFN-␥ receptor requires the presence of both Jak1 and Jak2 kinases. Expression of Jak2-HA resulted in nearly 500-fold induction of the Stat1 reporter by IFN-␥ while having no effect on Stat1 activation in the absence of IFN-␥. In striking contrast, transfection of the ⌬JH2-HA expression vector resulted in nearly 300-fold induction of the Stat1 reporter, and this induction was independent of IFN-␥ stimulation. The expression levels of the expressed Jak2 proteins were controlled by using anti-HA immunoblotting of cell lysates. These results indicated that JH2 inhibits the basal activity of Jak2, since expression of ⌬JH2 resulted in significantly increased basal activity of the Stat1 reporter, which suggests that activation of Jak2 by deletion of JH2 results in constitutive activation of Jak2-dependent cytokine receptor signaling pathways.
DISCUSSION
Tyrosine kinases play a critical role in the regulation of cell proliferation, differentiation, and functional activation. The activity of tyrosine kinases is tightly controlled by autoregulatory mechanisms involving intramolecular interactions or by the action of other regulatory proteins (13) . The Jak tyrosine kinases have an important role in the regulation of proliferation and differentiation of hematopoietic cells. The activity of Jak kinases has been found to be under the control of regulatory proteins such as the SOCS proteins and PTPases, while intramolecular regulation of Jaks has not been reported previously. The Jak kinases are characterized by two kinase domains, and thus they differ from most cytoplasmic tyrosine kinases. Only the C-terminal tyrosine kinase domain of Jaks appears to be catalytically active, and therefore the function of the second kinase domain has remained unknown.
We found several lines of evidence indicating an inhibitory role for the JH2 domain in regulation of Jak2 activity. First, deletion of JH2, but not other JH domains, increased the catalytic activity and tyrosine phosphorylation of Jak2. Second, deletion of JH2 enhanced Jak2-mediated activation of Stat5 and resulted in ligand-independent, constitutive activation of Stat proteins in signaling through the IFN-␥ receptor. Third, coexpression of the JH2 domain, but not JH domains 3 to 7, inhibited activation of the single tyrosine kinase domain of Jak2 in trans. Studies with deletion mutants of Jak2 have previously suggested that regions outside the kinase domain might contain negative regulatory functions (7, 27) . Consistent with our present findings, Stat5 activation in a yeast coexpression system has been found to be enhanced by deletion of JH2 from Jak2, but the mechanism of this enhanced activation was not analyzed (2) . However, in the yeast system, the single kinase domain was found to activate Stat5 less efficiently than wt-Jak2 (2), which is in contrast to our results. We found that JH1 activated Stat5 better than wt-Jak2 did and that JH1 possessed even higher catalytic activity than ⌬JH2. The JH1 construct used in the yeast system also contained parts of JH2 and JH7, leaving the possibility that the placement of N-terminal domains next to JH1 in the resulting recombinant protein impaired the activity of the kinase domain (2) .
Although our results do not indicate any direct regulation of JH1 by JH domains 3 to 7, we cannot totally rule out the possibility that these domains would have a regulatory function in Jak2. Mutations in the N-terminal JH regions have also been found to interfere with regulation of Jak kinases. A point mutation in JH4 of Hop has been reported to activate the kinase, but this residue is not conserved in mammalian Jaks (11) . It is noteworthy that mutations in JH7 and JH2 of Jak3 have been reported to cause increased basal tyrosine phosphorylation of Jak3, although at the same time resulting in severe combined immunodeficiency (SCID) and failure to activate Stat5 (4, 5) . Exactly how these mutations affect the kinases is currently unknown, but it is plausible that the Nterminal domains 3 to 7 have an important role in activation of Jaks by regulating the association of Jaks with cytokine receptors.
A regulatory role for JH2 in activation of Jak kinases has been suggested by studies in which a mutation in JH2 (E695K in Hop and E665K in Jak2) was found to increase tyrosine phosphorylation of Jak2 and Hop (20) . In line with these results, we found that the E665K mutation increased the catalytic activity of Jak2, but deletion of the whole JH2 domain resulted in much higher activation of Jak2. This indicates that the single point mutation in Jak2 did not completely abolish the JH2-mediated regulation of Jak2. The E695K substitution in Hop was also able to deregulate Hop signaling and induce hematopoietic neoplasia in the fly. We also found that deletion of JH2 deregulated cytokine receptor signaling by increasing the basal activity of Jak2 and resulted in constitutive, ligand-inde- FIG. 7 . Effect of JH2 on cytokine signal transduction. ␥2A cells were transfected with the Stat1-dependent luciferase reporter vector, the pRLTK control vector, and Jak2-HA, Jak2-KN-HA, ⌬JH2-HA, or an empty vector (-) as a control. At 5 h after transfection, the cells were removed to serum-free medium and starved for 15 h. The cells were stimulated with IFN-␥ (1,000 U/ml) for 5 h or left unstimulated. Luciferase activity was measured as described in Materials and Methods. Shown are the means from three independent experiments and the standard errors of the mean. The mobilities of the molecular mass markers (in kilodaltons) are shown on the left. pendent Stat activation. Therefore, it would be of interest to analyze whether deletion of JH2 in Jak2 has an oncogenic effect in mammalian cells.
Although the E695K mutant of Hop suggested a role for JH2 in negatively regulating the kinase activity, deletion of the JH2 domain in Hop as well as in Tyk2 has been found to cause a loss of enzymatic activity, which is different from our findings with Jak2 (20, 31) . This may be due to several reasons, one being that the Jak kinases are differentially regulated and that the role of JH2 varies between different Jaks. In support of this, the role of A-loop tyrosines in regulating the kinase activity appears to be different among the four Jaks. Alternatively, the JH2 deletion in Hop and Tyk2 may have incidentally impaired the activity of the kinase domain. We found that the length of the N-terminal region outside of the JH1 domain boundary critically affected the activity of the kinase domain; e.g., a 40-residue-shorter protein than encoded by our JH1 construct failed to show any catalytic activity (unpublished results).
The SH2 domains of Stats mediate multiple interactions with cytokine receptors, other Stat proteins, and Jak kinases (6) . The SH2 domains of Stat1 and Stat2 are required for their activation by Jak1, although the role of the SH2 domain in this interaction is not clearly defined (10) . We found that phosphorylation of Stat5 by wt-Jak2 was strictly dependent on the functional SH2 domain of Stat5. Surprisingly, we found that deletion of JH2 allowed Jak2 to phosphorylate Stat5 independently of its SH2 domain, suggesting that JH2 regulates interactions of Jak2 with target proteins.
PTPases play a critical role in regulation of Jak kinases through dephosphorylation, and it has been found that PTPase inhibitors can induce activation of Jak2 in the absence of ligand. We found that in 293T cells, Jak2 as well as ⌬JH2 was under the control of protein phosphatases. This suggests that activation of Jak2 by JH2 deletion is not due to defective downregulation of Jak2 through dephosphorylation. However, our results clearly indicate that the PTPase-mediated regulation of Jak2 is very important, since inhibition of PTPase activity resulted in a prominent increase in the tyrosine phosphorylation of Jak2. The regulation by PTPases may be very complex, involving both negative and positive effects on kinase activity. Therefore, we cannot totally rule out the possibility that some PTPases might function through JH2. Thus, it is reasonable to think that PTPases as well as the JH2 domain contribute to inhibition of Jak2 in receptor monomers. Cytokine signaling is also negatively regulated by the SOCS proteins. SOCS-1 and SOCS-3, which have been found to inhibit Jak kinases, appear to bind directly to the tyrosine kinase domain of Jak2 (36) . Therefore, the SOCS proteins are not likely to be involved in JH2-mediated regulation of Jak2 in our experimental system. The Jak kinases do not contain classical SH2 or SH3 domains, which have been found to mediate intramolecular regulation of, e.g., Src and Tec family tyrosine kinases (1, 29, 35) . We analyzed the possibility that JH2-mediated inhibition of Jak2 was based on the inherent interaction of the kinase and pseudokinase domains. We found that the JH1 domain of Jak2 could associate with JH domains 2 to 7 (⌬JH1), although less efficiently than with the full-length Jak2. Association with ⌬JH1 also inhibited the activity of JH1, and this inhibition required the presence of JH2. Our results therefore support a model in which the JH2 and JH1 domains interact, resulting in inhibition of the kinase activity of JH1, and that deletion of JH2 relieves this inhibition by abolishing the interaction between JH1 and JH2. The three-dimensional structure of Jak kinases has not been solved but will eventually be important in proving whether Jaks are regulated through JH1-JH2 interaction, as suggested by our results with Jak2, and how such an interaction might result in inhibition of JH1. However, one can envision that an interaction of JH2 with JH1 might induce a conformational change in the JH1 domain, inactivating the kinase activity, or alternatively JH2 might block the access of substrates or ATP by itself interacting with the substrate-or ATP-binding site of JH1. Autoinhibitory domains containing either a phosphorylatable substrate-like sequence or a socalled pseudosubstrate sequence have been identified in many protein kinases, such as protein kinase C (15).
Our results indicated that JH1 is preferentially involved in an interaction with another JH1 domain, supporting the concept that interaction between two kinase domains is important during activation of Jak2. Furthermore, our results suggest that juxtapositioning of Jaks upon receptor dimerization would lead to activation of Jak2, since the "activating" intermolecular JH1-JH1 interaction would be preferred over the weaker "inhibitory" intramolecular JH1-JH2 interaction. The Jak kinases are associated with the cytoplasmic tails of cytokine receptors and are therefore regulated through ligand-induced dimerization of the receptor chains. The results obtained in the IFN-␥-dependent reporter system indicated that activation of ⌬JH2 and following downstream signaling was not strictly dependent on cytokine-induced receptor dimerization. This suggests that inhibitory functions possessed by the JH2 domain are important for maintaining Jak2 in a low-activity state in the absence of ligand stimulation.
